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Bose-Einstein condensation in dilute systems is a fascinating quantum phenomenon 



(3 ■ and its experimental observation in ultracold atomic vapors a milestone. Here, we 

^ ■ report on experimental evidence for its occurrence in a gas of semiconductor ex- 

^* 

O ■ citons. The internal degrees of freedom of these subtle bosons plays a major role 

m 

in their condensation. Indeed, excitons exist in two bright and two dark states. 
k3l ■ Dark excitons having the lowest energy, the Bose-Einstein condensate of excitons is 

c3 ■ a priori dark, i.e. not coupled to light. However, above a density threshold, carrier 

exchanges between bright and dark excitons bring a bright component to the con- 
densate which becomes "gray" and can be studied through its bright part. Below 
a few Kelvin, our experiments display the very weak emission of spatially coherent 
and linearly polarized light expected for such a "gray" condensate which hides a 
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large exciton density in its dark component. 

Bose-Einstein condensation of semiconductor excitons has received a considerable attention since 
its theoretical prediction in the 1960's [II]-|4l. In contrast with ^He where superfluidity occurs in a 
strongly interacting liquid, Bose-Einstein condensation of excitons is expected to occur in a dilute 
gas. This makes it much closer to Einstein's original idea for non-interacting bosons. Excitons were 
even considered for a long time as the most promising candidates to demonstrate this remarkable 
quantum phase transition [5]. Indeed, excitons are very light bosonic particles compared to atoms; so, 
their quantum degeneracy should occur below a few degrees Kelvin [6J, or even higher. Nevertheless, 
gaseous Bose-Einstein condensation has first been observed in ultracold atomic vapors at temperatures 
of the order of one micro-Kelvin [|7]|. 

In contrast with most commonly studied bosonic atoms, the exciton composite nature plays a key 
role in their condensation. In narrow quantum wells, excitons are made of one spin (±1/2) electron 
and one "spin" (±3/2) hole. These mainly interact through intraband Coulomb processes. However, 
weak interband valence-conduction Coulomb scatterings also exist, but only for excitons with total 
spin (±1) made of (±3/2) holes and (t1/2) electrons. These repulsive processes bring the energy 
of (±1) bright excitons, i.e., excitons coupled to a^ photons, above the one of "dark" excitons with 
total spin (±2) made of (±3/2) holes and (±1/2) electrons. As a result, Bose-Einstein condensation 
of excitons must occur among the low energy dark states [8]. This feature, which makes exciton 
condensation definitely hard to evidence experimentally, could be the reason why unambiguous sig- 
natures of bright exciton condensates have not been given yet, despite several decades of experimental 
research. By contrast, the excitonic component of a polariton being by construction coupled to light, 
Bose-Einstein condensation of polaritons can be studied through photoluminescence and recently led 
to remarkable experiments [l9l-[T2|. 

To enter the regime in which excitons can undergo Bose-Einstein condensation, two main con- 
straints must be fulfilled. First, exciton-exciton interactions have to be repulsive in order to prevent the 

2 



formation of biexcitons at densities where Bose statistics becomes dominant (ric ^ mxkBT /h^ ^ 10^^ 
cm~^ at 1 K, mx being the exciton mass). In addition, excitons need to be long lived and efficiently 
cooled by the crystal lattice to build up a dense but cold ensemble. Here, we study electrically po- 
larized (dipolar) excitons confined in a wide single quantum well which fulfill these constraints [fT3l . 
The electrical polarization keeps the electron and hole well apart, so that their wave functions have 
a small overlap leading to a long radiative lifetime. However, this overlap being not as small as for 
indirect excitons confiend in double quantum wells, dipolar excitons still exhibit a rather large energy 
splitting between bright and dark states (^20 /ieV, see Ref. [14]). 

Exploring the quantum regime, our experiments reveal the appearance of a very weak photolumi- 
nescence emission with macroscopic spatial coherence, the coherence length being ten times larger 
than the thermal wavelength. Strikingly, extended coherence is established in a region of the sam- 
ple which darkens as the bath temperature is lowered but where the exciton gas is nevertheless as 
dense as in the brighest parts. This is a clear evidence for the formation of a nearly dark, or "gray", 
Bose-Einstein condensate, as theoretically predicted [fTSll . Indeed, if we merely had non-condensed 
excitons, the dark and bright exciton populations should be similar since their energy splitting (^20 
/ieV) is small compared to the thermal energy (^40 /ieV at our lowest bath temperature). The dense 
but nearly dark exciton gas which is seen can only be explained by the formation of a dark conden- 
sate which captures most of the excitons, with a bright component [fTSll appearing in this condensate 
above a density threshold ^ 10^ cm~^ - our estimated experimental exciton density (^ 10^^ cm~^) 
being above this threshold. Finally, the polarization of the observed weak photoemission is linear, in 
agreement with the predicted characteristics of a "gray" condensate ifSlfTSll. 

Our sample consists of a 25 nm wide GaAs quantum well embedded in a n-i-n field-effect device 
(Fig. l.A). We bias a surface electrode to tune the density of electrons electrically injected in the 
quantum well while we control the hole density through a tightly focused (10 /am waist) laser exci- 
tation at 641.5 nm. By appropriately balancing these two creation processes, the ambipolar diffusion 



of electrons and holes [[IS [El, towards and outwards the illuminated region respectively, creates a 
ring of dipolar excitons ^ 30 jum away from the laser excitation. As we lower the bath temperature 
Tb from 7K to 370 mK, the ring contracts and fragments into small beads (Fig. l.B) while the exciton 
concentration increases, as seen from the photoluminescence emitted at the position of the ring which 
shifts by ?^ 1.5 meV towards higher energies (Fig. l.C). This blue-shift, distinctive to dipolar exci- 
tons, reveals the increase of repulsive dipolar interactions with increasing exciton density. Following 
latest theoretical works [Il8l[l9l, we estimate that, for Tb=370 mK, the exciton density at the position 
of the ring reaches ^ 10^^ cm~^. 

To study the quantum nature of excitons formed in the region of the ring, we measured the first or- 
der spatial coherence |g(^) | of the photoluminescence [[20l . bright excitons having a fluorescence emis- 
sion reflecting their wave function. Thus, we distinguish classical and quantum regimes by the degree 
of spatial coherence, the classical coherence length being of the order of the de Broglie wavelength 
(^dB ^ 100 nm at sub-Kelvin temperatures). In our experiments (Fig.l.A), we use a Mach-Zehnder 
interferometer to assess the coherence length of bright excitons. One arm of the interferometer dis- 
places the photoluminescence laterally by 6;^ with respect to the second arm; it also tilts it vertically, 
so that output interference fringes end up aligned horizontally [[20ll2ll. By scanning the phase of the 
interferometer, we reconstruct point by point the amplitude of the interference contrast and then infer 
the map of the emission first order spatial coherence from which we deduce the exciton coherence 
length ^ (see also supplementary informations). 

Figure 2 shows |g(^)| for 6;^ = l.S^am in the region where the ring is formed. At T\y= 7K, (Fig. 
2.D), the interference contrast does not vary significantly; it is approximately equal to 10-15 % across 
the emission; so, ^ < 200 nm. Quite differently, at T\^= 370 mK (Fig. 2.C), the interference contrast 
exhibits a pattern correlated with the spatial profile of the photoemission (Fig. 2.A) but in a way 
which could be surprising at first. Indeed, Figure 3. A shows that the interference contrast is minimal 
(^10 %) in the bright part of the ring while, in the outer region (underlined by the contour lines in 



Fig. 2.A), |g(^)| can reach ^ 40 %, i.e., over half the auto-correlation value (70% for 6;^ = 0). This 
shows that, in the outer region which darkens as the bath temperature is lowered, bright excitons have 
a coherence length ^ ^ 1.5 /im, one order of magnitude larger than the de Broglie wavelength. 

Strikingly, bright excitons exhibit a macroscopic spatial coherence outside the ring where the pho- 
toluminescence intensity is reduced by 10 to 20-fold compared to the bright parts of the ring where 
the intensity is maximum but the interference contrast low (Figs. 2.E and 3.A). By only consider- 
ing this intensity difference, we would conclude that the concentration of bright excitons only is ^ 
10^-10^ cm~^ outside the ring, i.e., well below the critical density ric to form a quantum gas with 
macroscopic spatial coherence (uc ^ 10^^ cm~^ at IK). Yet, the photoluminescence emitted at the 
position of the ring fragments and in the outer region are essentially identical (Fig. l.C). Since the 
energy of emitted photons is governed by the exciton density [[l8l[T9l, regardless of the fact that these 
excitons are dark or bright, this shows that the total exciton density is the same outside and on the 
ring - by contrast with fragmentated rings observed with indirect excitons confined in double quantum 
wells for which dark regions emit a photoluminescence at a lower energy than bright regions [l22ll23l . 
From the experiments shown in Fig. l.C and Fig. 2, we are then led to conclude that, outside the bright 
ring, dark excitons build up a dense ensemble which undergoes a Bose-Einstein condensation when 
the bath temperature decreases. From the variation of the exciton coherence length, we estimate that 
non-classical correlations between excitons appear below a critical bath temperature of the order of 
2-3K (Fig. 3.B). It is worth noting that the existence of condensed dark excitons outside the bright 
parts of the fragmented ring had already been suggested a few years ago [l24]| . 

In order to obtain further insight into the internal structure of the condensate, we filtered the po- 
larization of the photoluminescence which should reflect this structure. Indeed, bright excitons with 
angular momenta (±1) are responsible for the emission of (a^) polarized light. By contrast, dark 
excitons (±2) are not coupled to light. However, recent theoretical works have underlined processes 
that can turn dark excitons into bright ones [fT5ll2ni25l - l27l . In particular, carrier exchanges between 



excitons with opposite spins introduce a bright component into the dark exciton condensate above a 
critical density, making it turn "gray" with a hnear polarization [fTSll . Figure 4.B shows that indeed 
the photoluminescence is linearly polarized in the outer region of the ring at Tb= 370 mK - the degree 
of circular polarization being not as significant (Fig.4.C). Interestingly, the inner region of the exciton 
ring also exhibits a linear polarization, but along the orthogonal direction. These observations con- 
trast with recent studies performed in double quantum well heterostructures where indirect excitons 
exhibit correlated patterns of both linear and circular polarizations [l2ll|28l. These patterns have been 
interpreted in terms of coherent exciton transport and spin-orbit coupling. Our experiments, which do 
not reveal such phenomena, are performed in a single quantum well with an energy splitting between 
bright and dark excitons much larger than in bilayer heterostructures. Since this energy splitting 
plays a key role in selecting the specific condensate which is formed, it is reasonable to conclude that 
experiments performed in single and double quantum wells probe distinct regimes. 

As a final remark, let us note that one might wonder if our essentially two-dimensional geometry 
would not dramatically affect Bose-Einstein condensation. However, this is not the case because 
condensation occurs in small regions. This stabilizes ff] Bose-Einstein condensation. Moreover 
phase fluctuations, which are responsible [7] for the main qualitative differences between 2D and 3D 
systems, are then quenched; so, the condensate should be fairly similar to a 3D condensate. 
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Fig. 1. (A): Field-effect device and Mach-Zehnder interferometer used in our experiments. (B): 
Fragmented exciton ring at Tb= 370 mK. (C): Rescaled photoluminescence spectra emitted at the 
position of the ring at 7 K (red), 370 mK (blue), and 7 /im outside the ring at 370 mK (black). The 
last two spectral profiles are essentially identical besides a factor of 20 in the intensity. Here as well 
as in the other figures, measurements are made in a 40ns long time interval, 10 ns after extinction of 
a 1 ^s laser excitation. 
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Fig. 2. (A-B): Photoluminescence from the same position of the ring at 370 mK (A) and 7K (B). A 
large fraction of the image darkens as the bath temperature decreases. (C-D): Map of the interference 
contrast for 6;>;=1.5 yum at 370 mK (C) and 7K (D). The two contour lines in (A) and (C) outline the 
same dark outer region where the excitons coherence length is macroscopic. (E-F): Variation of the 
interference signal at 370 mK (E) and 7 K (F), as a function of phase of the interferometer. Data are 
taken at the position of the ring (black) and 5 ^um outside the ring (red). The white circles in (A) and 
(B) show these positions. 
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Fig. 3. (A): Intensity (dark) and interference contrast (red) of the photoemission across the frag- 
mentated ring at 370 mK. The red area shows the relative error in our measurements. The vertical 
lines underline the maximum of the emission, i.e. the position of the ring, and the maximum of the 
interference contrast where the intensity is reduced by 10-fold. (B): Interference contrast for 6;c=1.5 
/im and the corresponding coherence length ^ as a function of the bath temperature Tb, taken 5 /im 
outside the ring (red) and at the position of the ring (black). Non-classical coherence builds-up in the 
"gray" part of the ring below a few degrees Kelvin. 
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Fig. 4. Exciton ring at 370 mK (A) and 4K (D). (B)-(E): Patterns of linear polarizations at 370 mK 
(B) and 4K (E). The blue and red color are associated to orthogonal polarizations. (C)-(F): Patterns of 
circular polarizations at 370 mK (C) and 4K (F). The blue and red color are now associated to a+ and 
G~ polarized light respectively. In (B) we observe that the photoemission is mostly linearly polarized 
in the outer region which darkens when the bath temperature decreases and where extended spatial 
coherence is also observed. 
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Supplementary Informations: 

First order coherence of the photoluminescence 

To quantify the first order coherence of dipolar excitons, we magnify and spatially filter the pho- 
toluminescence emitted in the region of the ring. This part of the emission is directed towards a 
Mach-Zehnder interferometer with a path length difference between its two arms that is actively sta- 
bilized. Thus, we control the phase ([) of output interference signals with a ^ (^/lO) accuracy. The 
magnified photoluminescence is then split between the arms 1 and 2 of the interferometer, and we in- 
troduced a vertical tilt angle (a) between the output of the two arms. Hence, interference fringes are 
aligned horizontally [[IlEl, a being set such that the interference period is ?^ 4 /urn. In this situation, 
the outputs produced by two arms are laterally shifted, by 6;^, while the path length difference remains 
close to zero. This allows us to derive the degree of spatial coherence of the bright excitons. 

The output of our interferometer, 1 12, can be modelled as 

/i2(r;5,) = {\^\fo{r,t)+e'('^-y+'^^^\fo{r + ^,,t)W, 

where \|/o(r) is the photoluminescence field which reflects the bright excitons wave function, {..)t de- 
notes the time averaging , r=(x,y) is the coordinate in the plane of the quantum well while qa=2nsm{a)/X 
with X equal to the emission wavelength. By recording individually the output of the two arms, Ii and 



I2, we can compute interferograms or normalized interference patterns Iint=(Ii2-Ii -hV^Vhh which 
reveal the first order coherence function of indirect excitons, 

/i)(r;6x)- (¥S(r,0¥o(r + 6„0)f 



((|x|/o(r,r)|2),(|xKo(r+6,,OPMV2- 

Indeed, we have li^i(r;dx)=cos(qay + ^ + ^r)\g^^\^',^^)\ where (l)r=arg(g(^)). Hence, normalized in- 
terferences have a visibility controlled by the degree of spatial coherence of bright excitons, while 
the position of the interference fringes reveals the phase of the g^^^-function, i.e., the phase difference 
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between the interfering excitonic wave functions. 

In Figure SI, we present some interferograms which we used to study the spatial coherence of 
dipolar excitons (Figure 2). Varying the phase of the interferomer, ([), we deduce |g(^) (r; 6;^) | as shown 
in Figure 2.C-D. 

Our experiments emphasize regions where the intensity of the photoluminescence is weak while 
the degree of spatial coherence is large. To quantify it, we used standard numerical routines to fit 
the variation of lint as a function of ([). Following this approach, we noted that the fitting error be- 
comes large when the intensity of the photoluminescence emission reaches 1% of its maximum at 
the position of the ring. This corresponds to ^ 10-20 counts on our photo-detector. This limitation 
is illustrated in Figure S2 which presents the map of the interference contrast together with its rela- 
tive error for the experiment shown in Figure 2.C. There, we verify that the interference contrast is 
large and measured with a good precision in the outer region of the ring while for lower intensities 
the fitting error is of the same order as the contrast we extract. To produce "simple" maps of the 
photoluminescence spatial coherence (Figure 2.C-D), we discard the regions where the fitting error 
is large. For that, we damp the value of the interference contrast by imposing an exponential decay 
for the points where the photoluminescence intensity is low; precisely, we set the decay at 20 counts. 
This yields to the results shown in Figure 2.C-D. 

Finally, to extract quantitatively the bright excitons coherence length ^, we model the variation 
of |g(^)| by the convolution between a Gaussian profile with a 1.5 jum full- width at half-maximum 
and an exponential decay EIU. The former function accounts for our instrumental resolution while 
the latter function provides the theoretical variation of the g^^^-function (|g^^) (6;^) | oc ^~W^). For our 
interferometric setup, we calibrated the variation of |g(^) | as a function 6;^ in previous experiments [l2l. 
Thus, we retrieve the coherence length of bright excitons (^) from the interference contrast at 5;c=l-5 
/im (Figure 2.H). 
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Sample structure 

We studied a 1 jum thick n^-i-n^ field-effect device where a 250 A wide GaAs quantum well is 
embedded. The quantum well is surrounded by Alo.3Gao.7As barriers incorporating a ten-period (2/2 
nm) GaAs/Alo.sGao.vAs superlattice. The quantum well is placed 900 nm below a millimeter wide 
semi-transparent gate electrode deposited on the surface of the sample. For our measurements this 
electrode was biased at a constant voltage Vg=-4.7 V with respect to the conductive sample's substrate 
that was grounded. 
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Fig. SI. (A-C): Normalized interference patterns /mt obtained for 6;^= 1.5 /urn. From (A) to (C) the 
phase of the interferometer (|) are 0, 7i/2, and 71. From such interferograms, we computed the map 
of |g(^)| shown in Figure 2.C, the two red lines underlining the region where spatial coherence is 
macroscopic, as in Fig.2.A and 2.C. All the measurements have been realized by integrating in a 40 
ns long time interval 10 ns after extinction of a 1 /iS laser excitation at 370 mK. 
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Fig. S2. (A): Photoluminescence emission in the region of the fragmented ring at 370 mK. This 
image is identical to the one shown in Fig.2.A. (B): Map of the interference contrast that we obtain by 
fitting point by point the variation of the interference signal as a function of ()). The relative error of 
the fit is displayed in (C) which shows that we can not extract the contrast with a sufficient accuracy 
for regions where the photoluminescence intensity is less than ^ 20 counts. In (A-C) the two contour 
lines show the outer part of the ring where we resolve, in a clear way, macroscopic spatial coherence, 
as shown in Figure 2.C. 
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